Background: Despite its limitations, ecological study design is widely applied in epidemiology. In most cases, adjustment for age is necessary, but different methods may lead to different conclusions. To compare three methods of age adjustment, a study on the associations between arsenic in drinking water and incidence of bladder cancer in 243 townships in Taiwan was used as an example. Methods: A total of 3068 cases of bladder cancer, including 2276 men and 792 women, were identified during a ten-year study period in the study townships. Three methods were applied to analyze the same data set on the ten-year study period. The first (Direct Method) applied direct standardization to obtain standardized incidence rate and then used it as the dependent variable in the regression analysis. The second (Indirect Method) applied indirect standardization to obtain standardized incidence ratio and then used it as the dependent variable in the regression analysis instead. The third (Variable Method) used proportions of residents in different age groups as a part of the independent variables in the multiple regression models. Results: All three methods showed a statistically significant positive association between arsenic exposure above 0.64 mg/L and incidence of bladder cancer in men and women, but different results were observed for the other exposure categories. In addition, the risk estimates obtained by different methods for the same exposure category were all different. Conclusions: Using an empirical example, the current study confirmed the argument made by other researchers previously that whereas the three different methods of age adjustment may lead to different conclusions, only the third approach can obtain unbiased estimates of the risks. The third method can also generate estimates of the risk associated with each age group, but the other two are unable to evaluate the effects of age directly.
Background
In spite of their limitations, ecologic studies are often used in epidemiologic research. These studies gather study participants into groups, mostly according to the geographic area of residence, and treat the whole group of people as a unit [1] . In ecological studies, distribution of age in the unit population may affect the results, and therefore evaluating and adjusting for age effects are desirable in many cases. In regression analyses, a common approach is to apply direct standardization method [2] to obtain the age-standardized risk of each unit population and then use it as the dependent variable. Another common approach, especially frequently applied in the SMR ("standardized morbidity ratio" or "standardized mortality ratio") studies, is to adopt indirect standardization method to obtain age-standardized risk ratio [3] of each unit population and then use it as the dependent variable instead. The third technique is to treat age as a predictor and adjust for its effects by adding independent variables [4, 5] .
Different approaches, however, may lead to different results. Rosenbaum and Rubin [4] have shown that the third approach can generate unbiased risk estimates as those obtained from simple linear regression models using data on individual participants. They also showed that the first approach generally cannot generate unbiased risk estimates and suggested avoiding its use except when the bias can be shown to be negligible for the purposes of the study. However, they did not provide any empirical examples in the paper. Likewise, the second approach has been recognized as one of the "common errors in disease mapping" by Ocaña-Riola [6] , but no empirical examples were included in the paper. Therefore, the objective of this study is to compare these three approaches using an ecologic study on the associations between arsenic levels in drinking water and the incidence of bladder cancer in Taiwan as an empirical example. On the basis of the three approaches, three regression models were applied to model the relations between each of the outcome measurements (ageadjusted mortality rate, standardized mortality rate, and crude mortality rate) and exposure levels.
The association between consumption of artesian well water and cancer in Taiwan has been documented since the 1960s [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , and bladder cancers had the highest relative risks [13, 19] . All the three methods have been used to study the associations between arsenic ingestion and cancer in Taiwan [7] [8] [9] , but most previous studies were limited to 6 townships in the southwestern coast area. The current study evaluated the associations between arsenic ingestion and bladder cancer using data on 243 townships in Taiwan, including the 6 most frequently studied.
Methods

Arsenic levels in drinking water
Data on the arsenic levels in drinking water were obtained from a nation-wide survey conducted by the Taiwan Provincial Institute of Environmental Sanitation [20] using the standard mercuric bromide stain method [21] . According to the standard solutions used in that survey, drinking water arsenic levels can be grouped into 10 categories: "undetectable" (test result compatible with the blank control) "trace" (test result between the blank control and the 0.01 mg/L standard), "0.01 mg/L," "0.02 mg/L," "0.03-0.04 mg/L," "0.05-0.08 mg/L," "0.09-0.16 mg/L," "0.17-0.32 mg/L," "0.33-0.64 mg/L," and " > 0.64 mg/L." While Taiwanese laboratories applied this method, the limit of detection (LOD; defined as the value of the mean plus three times of the standard deviation obtained from repetitive testing of blank controls) was 0.04 mg/L [22] . Therefore, in the data analyses, all levels at or below the LOD were combined together as a single category " < 0.05 mg/L."
The original survey data are available for 65269 wells in 243 townships, with an average of about 269 wells in each township. Because the survey was specifically for the arsenic level in drinking water, the standard report form did not include other chemical characteristics of the well water. As in most of the similar ecological studies, the number of users of each well was not recorded. The survey performed almost all the measurements between 1974 and 1976. At the time of survey bottled water was generally unavailable, and therefore it can be assumed that most quantity of drinking water was taken from the same source all days in the surveyed areas.
Data on the number of residents by gender and age in each township were obtained from the Department of Internal Affairs to estimate the number of people in each unit population. The 243 townships had a total of about 11.7 million residents, about half of the population in Taiwan, and Table 1 presents the estimated number of people in each exposure category. About 48000 people drank water in the highest arsenic category (" > 0.64 mg/L"), which was the smallest population in an exposure category.
Collection of other data
Cases of bladder cancer diagnosed between January 1, 1980 and December 31, 1989 were identified using the computerized database of the National Cancer Registry Program, which is operated by the Department of Health. Gender, age, diagnoses, and township of residence were reported for each registered case. Cases with ICD-O codes [23] from 188.0 to 188.9 were defined as bladder cancer cases, and 3068 cases, including 2276 men and 792 women, were identified.
Demographic data on the residents in each township at the end of 1985, the midpoint of the ten-year study period, were obtained from the Department of Internal Affairs. The numbers of residents of seven age groups were calculated: 0-19 years, 20-29 years, 30-39 years, 40-49 years, 50-59 years, 60-69 years, and above 69 years.
An urbanization index developed by Wu [24] on the basis of 19 socioeconomic factors was adopted to assess the associations between urbanization and incidence of bladder cancer. The study townships had urbanization indexes ranging from -1.410 to 3.257 (mean = 0.224, standard deviation = 1.128).
The magnitude of cigarette sales was used to evaluate effects of smoking. In Taiwan, cigarette selling was a monopoly business operated by the Tobacco and Alcohol Monopoly Bureau during the study period. Sales records collected from the Bureau in a previous study [7] were adopted to estimate the number of cigarettes sold per capita per year in each township, which had a range of 14.94 to 689.93 (mean = 63.76, standard deviation = 66.11). The unit for of cigarette sales used in the analyses was 100 cigarettes.
Data analysis
For comparison, three different methods were applied to analyze the data, but they required different information. To account for the fact that the size of the population was different across the townships, in all three approaches, the population in each township was used as the weighting factor in regression models.
The first approach, referred to as "Direct Method," applies the direct standardization procedure. For each township, gender-age specific cumulative incidence rates over the ten-year period were calculated, and then a standardized incidence rate (SIRate) can be obtained by adopting the age distribution of the world standard population in 1976 [25] as the following:
where Wi is the number of people in the ith age group in the standard population, and IRi is the age-specific average annual cumulative incidence rate of the ith age group. The unit for IRi was cases per 100,000. Then, the risk associated with each exposure level can be estimated through the following regression model:
where for each township, Xj is the proportion (as percentage) of residents with arsenic exposures in category j, U is the urbanization index, and T is the number of cigarettes (in hundreds) sold per capita. Because the exposure category " < 0.05 mg/L" was used as the reference, X 1 = percentage of residents in the "0.05-0.08 mg/L" category, X 2 = percentage of residents in the "0.09-0.16 mg/L" category, and so on. In this case, α (intercept) is the estimated background cumulative incidence rate, βj indicates the rate difference (RD) associated with each 1% increase in residents in category j, γ indicates the RD associated with each oneunit increase in urbanization index, and δ indicates the RD associated with each 100 cigarettes sold per capita.
The second approach, referred to as "Indirect Method," applies the indirect standardization procedure, which adopts the age-specific incidence rates in a reference population and obtains the expected number of cases in the ith age group (Ei) in a given township as the following:
where Pi is the number of people in the ith age group in the township, and RIRi is the age-specific cumulative incidence rate of the ith age group in the reference population. The total population of the 243 townships combined was used as the reference population in the analysis. A standardized incidence ratio (SIRatio) for each township can thus be obtained as the following:
where Oi is the observed number of cases in the ith age group in the unit population. Then, the risk associated with each exposure level can be estimated through the following regression model:
where Xj, U, and T are defined as in Model 1. In this case, α' is the estimated background ratio, βj' indicates the increase in SIRatio associated with each 1% increase in residents in category j, γ' indicates the increase in SIRatio associated with each one-unit increase in urbanization index, and δ' indicates the increase in SIRatio associated with each 100 cigarettes sold per capita. In this model, SIRatio (a rate ratio) needs to be forced to take the value 1 when the arsenic exposure is within the reference category (" < 0.05 mg/L") and all other variables are set to their reference categories. This can be accomplished through coding the " < 0.05 mg/L" group as the reference category.
The third approach, referred to as "Variable Method," treats age as a predictor of bladder cancer and adds independent variables in the regression models to evaluate and adjust for the effects of age as the following:
where CIR is the crude cumulative incidence rate, Xj, U, and T are defined as in Model 1, and Ak is the proportion (as percentage) of residents in age group k in each township. Because there are seven age groups, six independent variables derived from dummy variables at the individual level were used in the regression model [5] . Therefore, the age group "0-19 years" was used as the reference, A 1 = percentage of residents in the age group "20-29 years," A 2 = percentage of residents in the age group "30-39 years," and so on. In this case, α" is the estimated background cumulative incidence rate; βj", γ", and δ" are defined as βj, γ, and δ in Model 1 respectively; and θk indicates the RD associated with each 1% increase in residents in age group k. Models 1 and 3 generate estimates of RD's, but Model 2 generates estimates of incremental rate ratios. Therefore, estimates of RD's from Models 1 and 3 were then divided by the estimates of background rates (α and α" respectively) to obtain estimates of incremental rate ratios to facilitate the comparison among the three methods.
Results
For men, all three methods showed a statistically significant positive association between arsenic exposure above 0.64 mg/L and incidence of bladder cancer, but not for the other exposure categories. (Table 2 ) However, the risk estimates obtained by different methods for the same exposure category were all different. For women, the dose-response relationships appeared to be irregular. (Table 3 ) All three methods showed a significant positive association between arsenic exposure above 0.64 mg/L and incidence of bladder cancer as well as a significant negative association with bladder cancer incidence for arsenic exposures between 0.09 and 0.16 mg/L. All three methods showed a negative association with bladder cancer incidence for arsenic exposure between 0.16 and 0.32 mg/L, but when the Variable Method was used, the association would be determined as not significant by the general practice of setting the significant level at 0.05 (p = 0.08). Similarly, the risk estimates obtained by different methods for the same exposure category were all different. For both genders, the risk estimates obtained by the Indirect Method were between those by the Direct Method and those by the Variable Method for all exposure categories.
All three methods showed a significant positive association between urbanization index and incidence of bladder cancer for men, but the Indirect Method gave a lower risk estimate than the other two. (Table 2 ) Again, although all three methods showed a positive association between urbanization index and incidence of bladder cancer for women, when the Variable Method was used, the association would be determined as not significant by the general practice of setting the significant level at 0.05 (p = 0.16). (Table 3) For both men and women, no significant association was found between cigarette sales and incidence of Among the three methods, only the Variable Method can generate risk estimates associated with different age groups. None of the six age groups had a significant higher risk. (Tables 2 and 3) To determine the validity of these methods, comparisons between the regression models for ecological data with those for individual data need to be made. Because Rosenbaum and Rubin [4] have shown that the first approach cannot generate unbiased risk estimates and that the third approach can generate unbiased risk estimates, the focus of discussion is placed on the validity of the second approach.
When data on individuals are available, a regression model for predicting the risk of individuals can be expressed as the following: where N is the number of cases, and Σzji is the number of residents in category j. Because every resident in a given township had the same urbanization index, ΣUi where, as defined in Model 2, Xj denotes the percentage of residents in category j, and T is the average number of cigarettes (in hundreds) sold per capita. From Model 5 at the individual level to Model 6 at the township level, all regression coefficients (Bj', C', and F') remain the same. Comparing Model 2 with Model 6, one can find that while the independent variables X j , U, and T are the same, SIRatio, which has been adjusted for age, is not identical or proportional to N/nS. Therefore βj', γ', and δ' are not unbiased estimates of Bj'/100, C', and 100F', and α' does not necessarily has an expected value of 1.
Discussion
This study showed that different methods of age-adjustment may lead to different results and that the two methods (Direct and Indirect) frequently applied to adjust for age in ecological studies can not generate unbiased risk estimates, although the control of the effect of age may be achieved. Even though none of the risks associated with age groups was significant in this study, application of either method might lead to different conclusions, such as a significant positive association between urbanization index and bladder cancer women. On the other hand, the Variable Method not only adjusts for the effects of age, but also generates risk estimates associated with different age groups. Therefore, even though the Direct and Indirect Methods may generate valid age-adjusted risk estimates for individual unit population directly for the purposes of comparison among populations, one should not use these estimates as dependant variables for the purpose of age-adjustment when applying regression models to analyze ecological data.
When the effects of age themselves are not of primary interest, a reasonable alternative to conduct age-adjustment in ecological studies is to use the mean age of each unit population as an independent variable in the regression model. But, a study showed that this approach is based on the assumption of a linear doseresponse relationship between age and the outcome of interest [5] . That study also showed that such assumptions are not necessary when one uses independent variables derived from dummy variables at the individual level in the regression models, as in the Variable Methods described above. When more data are available, other approaches may also be applied. For example, when we have age-specific data on both dependent and independent variables, we may conduct separate regression analyses for different age groups. However, such data are often unavailable, as in the case presented in this paper. We should also note that the transformation of Model 5 at the individual level to Model 6 at the township level only holds for linear regression, not for logistic or Poisson regressions, although they may be more appropriate for some cases.
The occurrence of urinary cancers has been noted among arsenic intoxicated patients in the 1950s [26] , and high incidence of urinary cancers associated with arsenic in drinking water has reported in Taiwan [9, 19] and many other countries [27] [28] [29] [30] [31] [32] . Users of Fowler's solution (containing potassium arsenite) [33] and wine growers exposed to arsenical pesticides through drinking alcoholic beverages and spraying pesticides [34] had increased risks of bladder cancer. Therefore, the associations between arsenic ingestion and bladder cancer observed in this study are supported by the scientific literature. The data on the dose-response relationships, however, are quite limited. A study in Japan [29] observed cases only at the highest level among the three studied, and other studies in Taiwan also support the association between exposure to arsenic levels above 0.3 mg/L in drinking water and mortality of bladder cancer [14, 35] . The irregularities in the dose-response relationships at lower exposure levels observed in this study among women might due to the effects of un-controlled confounders or the cell-types specificity of the carcinogenic effect of arsenic on the urinary system [9] . Therefore, the association between exposure to arsenic levels below 0.3 mg/L in drinking water and occurrence of bladder cancer needs further evaluation. In fact, a recent meta-analysis showed that arsenic levels below < 0.2 mg/ L alone did not appear to be a significant independent risk factor for bladder cancer [36] .
Absence of an association between cigarette sales and bladder cancer in this study is consistent with the findings of a previous study in Taiwan which showed associations between smoking and lung cancer, but not bladder cancer, after adjusting for exposures to arsenic [37] . The number of cigarettes sold in a township might not be a good surrogate measurement of the number of cigarettes actually consumed by the residents, and it is also possible that excess risks associated with smoking were too small to be detected by either study.
The ecologic study presented in this paper shares with all the other ecologic studies several major limitations inherent in the ecological study design, such as "ecological fallacy." Although it might be minimized by using smaller population units such as "village," this study had to use township as the unit because the National Cancer Registry Program coded the residences of cases by township. On the other hand, for a relatively rare disease like bladder cancer among Taiwanese, estimates of incidence rates will be unstable if the unit population is too small, especially when the duration of observation is relatively short. Risk estimates generated by this study might be affected by possible incomplete reporting of cancer cases because the reporting is not mandatory by law. If there is a correlation between reporting rates and arsenic exposure levels, proper validation studies on the registry, which are not currently available, are necessary to determine the direction and magnitude of the biases. Nonetheless, in a previous Taiwan study on skin cancer, which has a much more serious problem of under-reporting than bladder cancer because of its low case fatality rate, the comparison between the relative risks obtained by analyzing cancer registry data and those obtained by conducting physical examinations on all study participants to achieve complete case ascertainment showed that the possible under-reporting had little effect on the estimates of relative risks [38] . Except for the " < 0.05 mg/L" category (the reference exposure category), no township had all the wells in a single exposure category, and so it is impossible to validate the risks estimates in the current study. In addition, the current study cannot account for the migration of residents of each township over the 10-year study period. Further studies with exposure data for each individual (such as case-control or cohort studies) as well as studies evaluating the effects of other co-existing risk factors are needed to confirm the hypotheses generated in this study.
Conclusions
Although ecological study design has some major limitations, it is widely applied in epidemiology. Like in other types of study designs, adjustment for age is often necessary in ecological studies, but different methods may lead to different conclusions. The current study compared three common approaches of age adjustment using a study on the associations between arsenic in drinking water and incidence of bladder cancer in 243 townships in Taiwan was used as an example. Whereas all three methods showed a statistically significant positive association between arsenic exposure above 0.64 mg/L and incidence of bladder cancer in both genders, they reached different conclusions on the other exposure categories. Even for the category above 0.64 mg/L, the risk estimates obtained by different methods were different. Using proportions of residents in different age groups as a part of the independent variables in the multiple regression models is the only approach of the three that can obtain unbiased estimates of the risks and also generate estimates of the risk associated with each age group. This approach is recommended for age adjustment in ecological studies.
Abbreviations CIR: crude cumulative incidence rate; IRR: incremental relative risk; RD: rate difference; SE: standard error; SIRate: standardized incidence rate; SIRatio: standardized incidence ratio.
